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Experimental evidence of the effect of heat flux on Thomson scattering off ion acoustic waves
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Thomson self-scattering measurements are performed in a preionized helium gas jet plasma at different
locations along the laser propagation direction. A systematic and important variation of the intensity ratio
between the blue and the red ion spectral components is observed, depending on whether the location of the
probed region is in front of or behind the focal plane. A simple theoretical calculation of Thomson scattering
shows that this behavior can be qualitatively understood in terms of a deformation of the electron distribution
function due to the return current correlated with the classical thermal heat flux.

PACS number~s!: 52.40.Nk, 52.35.Fp, 52.50.Jm
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I. INTRODUCTION

When heated by a high-intensity laser beam, a plas
generally presents large temperature gradients. These g
ents give rise to a correspondingly large heat flux associ
with a deformation of the electron distribution function fro
its equilibrium Maxwellian shape@1#. The precise descrip
tion of the electron heat transport in laser-produced plasm
of importance for many applications relying on laser-plas
interaction physics, such as inertial confinement fusion
x-ray lasers. In a homogeneous plasma and for modest
perature gradients~when the thermal electron collisiona
mean-free-path is much smaller than the temperature gr
ent length:l t!LT!, the heat flux is calculated by a first ord
perturbation of the distribution function and it is proportion
to the local temperature gradient@1#. When l t /LT.0.002,
the mean free path of the electrons participating most in
heat flux becomes comparable to the gradient length and
local approach is no longer valid. A nonlocal description h
been developed in which the local heat flux at a given po
tion in the plasma depends on the whole temperature pr
in the surrounding region@2#. An experimental access to th
distribution function is through Thomson scattering on th
mal fluctuations.

Thomson scattering is a powerful diagnostic technique
measuring the parameters of a plasma@3–6#. By irradiating
the plasma with a laser probe beam and by measuring
spectrum of the light scattered by the electrons one has
cess to some part of the density fluctuation spectrum. F
this, it is possible to measure the electron temperature
densityTe andne , the ion temperatureTi , the plasma flow
velocity as well as the drift velocity between electrons a
ions. Some examples are found in Refs.@7–15#. The effect of
heat flux is more readily observed when measuring the s
trum of the fluctuations near the ion-acoustic frequen
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v iaw . In an equilibrium plasma and in a geometry whe
collective scattering is observed, it consists of two equal a
plitude satellites atvpr6v iaw wherevpr is the frequency of
the probe beam@6#. These satellites at frequenciesvpr
6v iaw correspond, respectively, to fluctuations with wa
numbersk iaw56(kscat2kpr), where kscat and kpr are the
wave numbers of the scattered beam and the probe be
respectively. Because of the deformation of the electron
tribution function due to heat flux~often accounted for as a
relative drift velocity between electrons and ions!, the
plasma susceptibility is different for these two ion-acous
fluctuations and the two satellites have different intensit
@6#. This effect is commonly explained as a difference in t
electron Landau damping term in the shifted electron dis
bution for the two ion-acoustic wave numbers. This asy
metry between the blue and red satellites has already b
observed in several experiments and qualitatively explai
in terms of drift velocity and electron heat flux@7,10,14#.

In this paper we present a comprehensive study of
blue/red asymmetry in the ion acoustic scattered spectrum
a well diagnosed quasihomogeneous stationary plasma
expected in a plasma with symmetric temperature and d
sity profiles, we observe a symmetric variation of the ra
between the two satellites on each side of the hottest reg
These results are well reproduced by calculating the first
der correction to the electron distribution function for a 1
temperature gradient~along the laser propagation axis! and
the corresponding plasma susceptibility for the measu
plasma parameters. Nevertheless, this good quantita
agreement is only obtained with an ion temperature sign
cantly lower than estimated from hydrodynamic simulatio

II. EXPERIMENTAL SETUP

The experiment was performed using two beams of
multibeam laser facility at the Laboratoire pour l’Utilisatio
des Lasers Intenses~LULI !. The laser pulses are Gaussian
time with a duration of 600 ps full width at half maximum
~FWHM!. Figure 1 shows the experimental configuratio
The creation beam used to preionize the plasma was ope
at the fundamental frequency of the Nd:glass laser~1.053
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1950 PRE 61F. AMIRANOFF et al.
mm!. It was focused with af /6 aperture lens at the center
a cylindrical supersonic helium gas jet of 2.5 mm in dia
eter. This beam was spatially smoothed by a 8 mm cell R
dom Phase Plate~RPP! giving a spatially averaged intensit
of 431014W/cm2. The gas was fully ionized by collisiona
ionization along the whole length of the jet perpendicular
the gas flow.

The interaction beam, at twice the fundamental freque
~0.526 mm!, was fired in the opposite direction to the cr
ation beam after a time delay of 1 ns~this delay correspond
to the time between the maxima of the pulses!. This beam
was focused with af /3 aperture lens~250-mm focal length!
at the center of the jet and was spatially smoothed by ei
a 0.65 mm cell RPP or a 2.1-mm cell RPP. The maxim
energy of the interaction beam was 30 J. In the following,
mean experimental intensity is defined as the ratio of 80%
the incident energy over 600-ps duration and averaged in
Airy focal spot ~diameter between the first Airy minima!.
This gave a maximum intensity of 231013W/cm2 for the
0.65-mm cell RPP and 231014W/cm2 for the 2.1-mm cell
RPP. The focal spot images, obtained in transmission
vacuum, were in agreement with the calculated ones~diam-
eter of 500mm for the 0.65-mm cell RPP, and 150mm for
the 2.1-mm cell RPP!.

The self-scattering Thomson spectra~the probe beam is
the 0.526mm interaction beam itself! were obtained at a
scattering angleu5110° from the interaction laser bea
axis. The scattered light was collected by reflective optics
was imaged with af /3 spherical mirror and a 1:5 magnifica
tion onto the entrance slit of a 1 m spectrometer for the ion
acoustic waves~IAW ! and a 0.35 m spectrometer for th
electron plasma waves~EPW!. The spectra were recorde
with optical streak cameras coupled with CCD cameras:
IAW spectra were obtained with a very high spectral reso
tion ~0.5 Å! and the EPW spectra, with a low spectral d
persion in order to record the up and down components.
electron density inside6500 mm from the center of the je
was deduced from the scattered signal on the EPW at di
ent locations along the interaction axis. Beyond this regi
the intensity of the scattered signal was too weak and
inferred the electron density from a previous study@16# in
which a beam at 2v0 interacted with the Helium gas jet. I
this study, the EPW self-scattering Thomson spectrum
spatially resolved by using an optical device that rotates
image of the plasma by 90° along the slit of the low disp
sion imaging spectrometer, and by setting a low sweep sp
on the streak camera and removing its entrance slit. Du

FIG. 1. Experimental setup.
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the absence of time resolution, the collected signal w
strong enough to obtain, on one laser shot, the spatial pr
of the electron density along the laser axis up to61 mm
from the center of the jet. We have checked that the t
electron density profiles coincide over the central region~i.e.,
inside6500 mm from the center of the jet!, which confirms
that in our experimental conditions the electron density d
not depend sensitively on the plasma creation conditions

III. EXPERIMENTAL RESULTS

For reader convenience we show in Fig. 2 a typical elec-
tron density profile obtained from@16#. The origin in z is
arbitrary. One can see a very flat electron density profile o
1.5 mm. Typically, with a backing pressure of 65 bars, t
plasma is quasihomogeneous with an electron density aro
3.531019cm23. The asymmetry of the region within whic
the electron density profile is well described comes from
attenuation of the beam due to its propagation through
gas. This damping results in a weaker scattered signal on
outgoing side of the beam compared to the incoming sid

Other diagnostics were set up for this experiment. In p
ticular, measurements and analysis of the backscattered
of the interaction beam~collected through the focusing lens!
have allowed us to obtain the values of the stimulated B
louin ~SBS! and Raman~SRS! scattering reflectivities in the
backward direction. The SBS reflectivities were between
31023 and 1022 for the 2.1-mm cell RPP~at intensity of
231014W/cm2! and remained below 1025 for the 0.65-mm
cell RPP ~at intensity of 231013W/cm2!, the SRS ones
never exceeded 1025. The transmission rate ranged betwe
70% and 80 %.

The most striking result is presented in Fig. 3 whi
shows Thomson self-scattering time-resolved spectra
IAW recorded at different positions along the interacti
axis for the 0.65 mm cell RPP:21500 mm, 21000 mm,
2500 mm, center,1500 mm and 11000 mm from the jet
center. Similar spectra, not shown here, have been obta
with the 2.1 mm cell RPP. Each image has been obtaine
the same experimental conditions with the same combina
of filters and optical attenuators. The central spectral fea
corresponds to the laser noise at 2v0 ~0.526mm!. The two
other spectral components on both sides correspond to
omson self-scattering on the IAW. During the interacti
time, these two satellites move apart slightly, which sho
that the interaction beam weakly heats the plasma. The m

FIG. 2. Experimental electron density profile. The origin inz is
arbitrary. The interaction beam comes from the left.
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remarkable result is the ratio between the two compone
When moving away from the center of the gas jet, one of
two satellites becomes predominant: on the incoming s
of the interaction beam the red satellite dominates while
the outgoing side the blue one dominates. On each spect
we have indicated the intensity ratioR between the red com
ponent (I R) and the blue one (I B), whereR5I R /I B . At the
bottom of Fig. 3 one can see the scheme of the three diffe
wave numbers wherek0 denotes the incident laser wav
number,kscat the scattering wave number andkIAW the IAW
wave number with the red and the blue components. T
result is very reproducible for both RPP’s. The only sign
cant difference we have observed is that, in the case of
2.1 mm RPP, the red satellite is dominant at the center of
jet, unlike what is observed with the 0.65-mm RPP where
two satellites are comparable. This effect might be attribu
to a non-negligible side-SBS induced amplification of the
component for the 2.1 mm RPP. Such an interpretation
supported by the difference observed in the backward S
reflectivities with the two RPP’s. From these spectra,
have estimated the electron temperature profile along the
teraction axis. Figure 4 shows the electron temperature

FIG. 3. Thomson scattering time-resolved spectra on IAW
the 0.65 mm RPP. Each spectrum is obtained at different posit
along the laser axis and with the same conditions. The diagno
geometry is represented on the top of the figure and the geomet
the different wave numbers involved at the bottom. On each sp
trum, one can see the ratioR(R5I B /I R) between the intensity o
the blue component (I B) and the red one (I R).

FIG. 4. Experimental electron temperature profile in the inter
tion condition of the 0.65 mm RPP~d!. The dashed line corre
sponds to the temperature profile taken in the theoretical calc
tion.
ts.
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file thus obtained from Fig. 3. This temperature has be
determined at the incoming time of the interaction pulse. T
horizontal error bars correspond to the uncertainty on
localization of the center of the interaction region. The v
tical ones correspond to the somewhat arbitrariness of
definition of the incoming time of the interaction pulse a
to the width of the spectra.

IV. DISCUSSION

A number of calculations have been made which take i
account the electron heat flux and its effect on the ion aco
tic waves and their Thomson scattering spectra~e.g.,
@17,18#!. In our case the typical ratio between the electr
mean free path and the temperature gradient scale leng
of the order ofl t /LT'3 mm/1000mm5331023 so that the
local theory is at the edge of its domain of validity. Thus,
order to explain the experimental spectra we have perform
a simple theoretical calculation of Thomson scattering wh
takes into account the electron and ion temperature pro
in the longitudinal direction. The radial variation of the ele
tron temperature has been neglected assuming that the
mal transport is effective enough for the electron tempera
to be nearly constant throughout the focal spot~transver-
sally! at the arrival time of the interaction beam. The electr
and ion velocity distribution functions to be implemented
the Thomson scattering dynamical form factor have be
computed at the first order of the classical Chapman-Ens
@19# scheme. The collision operator has been taken to be
simplest Bhatnagar-Gross-Krook~BGK! @20# operator. Al-
though not presented here, we have also obtained very c
results with the Lorentz collisional operator in the low fr
quency limit which is valid here.

Figure 5 shows the experimental and theoretical spectr
arbitrary units for the 0.65 mm cell RPP at four locatio

r
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tic
of
c-

-

a-

FIG. 5. Experimental~L! and theoretical~plain line! spectra for
the 0.65 mm cell RPP at four locations:21000mm ~a!, 2500mm
~b!, center~c!, and 1500 mm ~d! in arbitrary units. The electron
temperature corresponds to the dashed line in Fig. 4 and the
temperature is assumed to be equal at 10 eV. The dashed line
resented in~d! corresponds to the theoretical spectra calculated w
a typical instrumental resolution of 0.5 Å.
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1952 PRE 61F. AMIRANOFF et al.
between21000mm and1500mm. To compare the theoret
ical and experimental peak ratios~which is the important
quantity! easily, we have adjusted the theoretical and exp
mental units so that the height of the most intense pe
coincide. Let us mention that the width of the experimen
spectra is due to the instrumental resolution which has
been taken into account in the theoretical calculations sinc
does not modify the peak intensity ratio. As an example,
show on Fig. 5~d! ~dashed line! a theoretical spectrum with
typical instrumental resolution of 0.5 Å. As previously e
plained, we have also adjusted the height of the peaks.
electron density corresponds to the experimental valuene
53.531019cm23!. The electron temperature we have tak
for the theoretical spectra corresponds to the dashed lin
Fig. 4, i.e.,Te varying from 160 to 50 eV over 1200mm with
a typical gradient length ofLT51000mm when Te
5120 eV. A large asymmetry between the red and blue co
ponents is only possible when the ion Landau damping
negligible with respect to the electron Landau damping. T
is obtained in helium (Z52) for ZTe /Ti>17 @21#. Thus we
assumed an ion temperature ofTi510 eV. We verified that,
as expected, the experimental results could not be re
duced for larger ion temperatures.

We have adjusted the parameters within a reason
range in order to obtain peak intensity ratios comparable
the experimental ones. In order for the theoretical and exp
mental spectra to be in reasonable agreement, we had
the electron temperature profile to the upper limit within t
error bars. The computation of the spectra based on our
oretical model shows~see Fig. 5! a satisfying agreement with
the experimental spectra in particular for the peak inten
ratios. The agreement of the case shown in Fig. 5~a! where
the experimental ratioR is overestimated by a factor of 1.6
less convincing; this discrepancy can be attributed to an
creasing error in the determination of the plasma parame
when approaching the edge of the gas jet. For this rea
data recorded at21500 mm and 11000 mm are of minor
reliability and the comparison between theory and exp
ment is not shown here. It can be seen that while the p
intensity ratio is well reproduced, the experimental pe
separation~i.e., the electron temperature! is slightly less than
the theoretical one. This suggests that the simplest clas
model of heat transport does not allow us to find a single
of parameters yielding at the same time both a satisfac
theoretical peak ratio and the peak separation. The small
bal spectral shift towards longer~shorter! wavelengths that
can be observed on the2500 mm ~1500 mm! spectrum
might be explained in terms of Doppler shift due to a sm
radial ~outward! component of the jet velocity.
n
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As already mentioned, the calculated spectra reprod
the essential features of the experimental spectra~i.e., pre-
dominance of the red or blue line depending on the locat
of the scattering region with a ratioR in the same order than
the experimental one! provided the ion temperatureTi is less
than around 10 eV. Such an ion temperature is less than
one deduced from the hydrocodeMULTI @22# which gaveTi
530– 40 eV for which our theoretical calculations yield n
significant effect on the Thomson scattering spectrum. It f
lows that these preliminary theoretical estimates might qu
titatively explain our results if some process relevant for
ion thermal transport in our experimental conditions could
found to be missing in the hydrocode simulations, so that
actual ion temperature would indeed be less than the ca
lated value. Another interesting possibility to investiga
would be that the ‘‘microscopic’’ speckle structure of th
smoothed interaction beam modifies the electron distribu
function drastically, which would invalidate our use of a n
ive classical Chapman-Enskog scheme~e.g. @17#!. For the
sake of completeness, let us also mention that in our exp
mental conditions, we may expect a non-Maxwellian ze
order electron distribution function at intensities higher th
around 1015W/cm2 @23#. This effect will change the details
of the calculation, but should not change the general tren

V. CONCLUSION

To summarize, we have performed time resolved Tho
son self-scattering measurements at different locations in
plasma along the laser propagation direction. We have
served a systematic and important variation of the inten
ratio between the blue and the red ion spectral compone
depending on whether the location of the probed region i
front of or behind the focal plane. Comparing the experime
tal data with a simple theoretical calculation of Thoms
scattering, we have found that this behavior can be qua
tively understood in terms of a deformation of the electr
distribution function induced by the classical heat-flux ca
ing a non-Maxwellian distribution. However, a good quan
tative agreement is still lacking since our theoretical mo
predicts significant effects only for ion temperatures that
by a factor of at least two smaller than the values obtain
from hydrocode simulations.
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